Extracellular electron transfer (EET) is intrinsically associated with the core phenomena of energy harvesting/energy conversion in natural ecosystems and biotechnology applications. However, the mechanisms associated with EET are complex and involve molecular interactions that take place at the "bionano interface" where biotic/abiotic interactions are usually explored. This work provides molecular perspective on the electron transfer mechanism(s) employed by Shewanella oneidensis MR-1. Molecular docking simulations were used to explain the interfacial relationships between two outer-membrane cytochromes (OMC) OmcA and MtrC and riboflavin (RF) and flavin mononucleotide (FMN), respectively. OMC-flavin interactions were analyzed by studying the electrostatic potential, the hydrophilic/hydrophobic surface properties, and the van der Waals surface of the OMC proteins. As a result, it was proposed that the interactions between flavins and OMCs are based on geometrical recognition event. The possible docking positions of RF and FMN to OmcA and MtrC were also shown.
I. INTRODUCTION
The discovery of extracellular electron transfer (EET) and its ubiquity and relevance to biogeochemical cycling and biotechnology has raised a number of important questions such as "How do bacteria transfer electrons to solid electron acceptors?," "What is the role of excreted compounds such as flavins in the electron transfer process?," "Do anode respiring bacteria share common EET mechanisms?." Some of these questions found their answers over the years. For example, it has been determined that bacteria such as Shewanella spp. can interact with solid electron acceptors by three distinguished mechanisms of EET (Refs. 1-4)-mediated (MET) and direct (DET) electron transfer as well as long distance EET through nanowires. For Geobacter spp., which has been considered as the most active dissimilatory metal-reducing bacteria (DMRB), the only possible EET mechanism involves DET from outer membrane cytochromes (OMCs) and conductive pili. 5 On the contrary to the nanowires, which are now thought to be outer-membrane extensions of Shewanella, it has been proposed that the electron transfer along Geobacter conductive pili is facilitated by aromatic amino acids such as tyrosine. 6 The DET activity of Shewanella spp. 7 has been associated with OMCs that are located in the outer cell membrane and periplasm. 3 The electron transfer pathway of these species, more precisely Shewanella MR-1, involves a periplasmic decaheme cytochrome MtrA, an outer membrane b-barrel protein MtrB and outer membrane decaheme cytochromes OmcA and MtrC. [8] [9] [10] [11] This pathway is used to move electrons from the intracellular quinol pool to extracellular solid electron acceptors such as metal oxides or electrode surfaces, 7, 8, 12 A synthetic electron conduit of mtrCAB has also been expressed in Escherichia coli demonstrating the importance of the cytochromes' electron "relay" in DET, and the ability of bacteria to reduce poised electrode surfaces. 13 TerAvest et al. showed that the strain of E. coli having mtrCAB protein complex generated $eightfold higher current than a control strain.
All OMCs of Shewanella spp. share a common feature, which is the presence of heme groups. These hemes are the molecular conduits of electron transfer across the periplasm a) Author to whom correspondence should be addressed; electronic mail:
babanova@unm.edu and the cell membrane as well as between the cytochromes. Specifically, OmcA and MtrC proteins have ten hemes arranged in a "staggered cross" configuration ( Fig. 1) . 10, 11 The distance between the hemes is in the range of 4-11 Å , small enough for rapid electron transfer. 11, 14 Each heme in the cytochrome molecule is covalently attached to the polypeptide chain via two cysteine residues in a CXXCH motif. 11, 12, 14 When using electrochemical methods the multiple hemes in the OMCs have overlapping and experimentally undistinguishable redox potentials. They can be reduced over a broad potential window from 0.1 V to À0.4 vs SHE for MtrC (Ref. 15 ) and from À0.03 V to À0.325 vs SHE for OmcA. 16 Therefore, computational approaches were used to calculate the redox potentials of the separate hemes and determine the free energy profile of EET. 17, 18 While the DET pathways for Shewanella spp. have been explored for decades, the MET ability of these species has become a relatively recent topic of study. Shewanella MET has been correlated with the endogenous production and extracellular expression of flavins, which participate as electron shuttles and enhance EET rates. 2, 7, [19] [20] [21] The two types of flavins excreted by Shewanella are flavin mononucleotide (FMN) and riboflavin (RF), 20 where the amount of FMN secreted exceeds the amount of RF content by nearly five times in both anaerobic and aerobic conditions. 2 The production and excretion of flavins in aerobic environment is higher, which is in contrast to what is expected based on the assumption that flavins are used in MET under anaerobic conditions 2 and what has been shown for the flavins distribution within a microbial biofilm. 22 The hypothesis of the shuttling role of flavins has been stated and confirmed many times using microbial fuel cell anodes as solid-phase electron acceptors. 2, 19 Monitoring the current generated by the bacterial flavin adenine (bfe dinucleotide exporter) mutant of Shewanella MR-1, unable to secrete flavins, has demonstrated their importance in EET. 19 With the same concentration of artificially introduced flavins, Shewanella MR-1 wild type and the bfe mutant produced comparable currents. However, when flavins were not supplemented to the system, the bfe mutant generated 75% less current than the wild type. Also, strains lacking bfe could reduce Fe(III) oxide at only $25% of the rate of MR-1, demonstrating the importance of flavin electron shuttles under these conditions. It has also been shown that the Mtr pathway is important for the reduction of soluble flavins and that there is specificity of this activity with respect to OmcA and MtrC. 7 Under electrode-reducing conditions, mutants of Shewanella MR-1 lacking OmcA reduced riboflavin at the same rate as the wild type, while DmtrC reduced RF at about half that rate. 7 Coursolle et al. hypothesized that OmcA is required for attachment and/or biofilm formation on solid electron acceptors, while MtrC is the main electron conduit. The authors also suggested that under high flavin concentrations, OmcA may replace MtrC in flavin reduction and that the low current response from DmtrC is a result of the lack of viable cells. Although very important and timely, the manuscript of Coursolle et al. still did not provide the necessity insight into the role of flavins.
Recently, Okamoto et al. dramatically changed the premise of EET mechanism in DMRB by providing an evidence that flavins not only serve as shuttling mediators but also as cofactors directly associated with the OMCs. [23] [24] [25] [26] This hypothesis is somewhat expected since flavins are cofactors in various proteins. 27 Similarly, to Coursolle et al., Okamoto et al. demonstrated that flavins exhibit "preferences" toward different outer membrane cytochromes. For instance FMN specifically interacts with MtrC, while RF associates with OmcA. 25 The reasoning behind such specificity, according to the authors, lies in the differences in flavins' redox potential (À0.11 V vs SHE for bound RF and À0.15 V vs SHE for bound FMN), which allows for the utilization of various terminal electron acceptors as a survival strategy. 25 The findings of Okamoto et al. suggested relatively strong binding of flavins to OMCs. But when the apparent dissociation constants of binding FMN to OmcA and MtrC were experimentally determined through 31 P NMR experiments, 28 it was established that these proteins have weaker affinity for FMN. Based on these dissociation constants, FMN binds stronger to OmcA (K d ¼ 29 6 11 lM) rather than MtrC (K d ¼ 255 6 126 lM). It is also interesting to note that they found two binding sites of FMN in OmcA, while MtrC has only one binding site. The discrepancies between the findings of Okamoto et al. and Paquete et al. may be explained by the differences in the performed experiments. Okamoto et al. used whole Shewanella wild type and mutant cells, while Paquete used extracted and purified proteins for their measurements. We can assume that the interactions between OMCs and flavins will be strongly affected by the environment especially when proteins are membrane bound proteins in their natural environment. Therefore, the results obtained using whole cells can be considered as more reliable than the ones obtained with purified proteins.
The redox potential of bonded flavins appears to be at least 0.1 V more positive than the redox potential of free flavins in solution, which decreases the potential difference between flavins and OmcA-MtrCBA complex. 24 Instead of the two electron reduction, originally proposed for the redox reaction of flavins, it has been discovered that bound flavins undergo one electron reduction by OMCs forming a semiquinone. 24, 25 It is believed that the formation of the OMC-flavin complexes leads to the stabilization of the semiquinone along with a positive shift of the redox potential. Okamoto et al. demonstrated that the EET enhancement at the Shewanella/electrode interface is due not only to the previously proposed shuttling mechanism but also to the redox activity of the oxidized flavin/semiquinone redox couple explicitly when the flavin is associated with a particular OMC. 24 Recent reports have also proposed that Shewanella and Geobacter spp. share common EET mechanisms with the involvement of OMCs' associated flavins. 26, 29 Xu et al. confirmed Okamoto's hypothesis that flavins accelerate EET from Shewanella to the electrode surface primarily as cytochrome-bound cofactors, rather than free soluble shuttles. 30 An important point in their study is the influence of electrode material on the obtained results and the conclusions drawn out, where MET is typically detected using glassy carbon electrodes that have a high adsorption affinity for flavins but lower surface area for bacteria attachment and biofilm formation promoting flavin-mediated EET. On the contrary, ITO electrodes have a low adsorption affinity for flavins and thus direct the EET through cytochromes and cytochrome-bound flavins. Flavins demonstrate an affinity to carbon materials 20, 31, 32 and Fe(III) and Mn(IV) surfaces, 20 which additionally supports the importance of associated flavins as opposed to freely diffusing mediators. It is hypothesized that adsorbed flavins not only enhance EET but also promote cell attachment and biofilm formation by increasing the redox gradient that is advantageous to microbial respiration. 31, 33 Molecular docking simulations were used in this work to explain the interfacial relationships between OmcA and MtrC, and RF and FMN, respectively. Molecular docking simulations have been previously explored in order to predict where electron shuttles will bind and interact with outer membrane cytochromes. 28 Paquete et al. proposed that the interaction of electron shuttles and OmcA is predetermined by the charge of the docking molecule. Positively charged molecules such as phenazine attach near heme 10, while negatively charged AQDS and FMN dock near heme 2. The neutral RF binds close to hemes 9 and 10. In 2016, Hong et al. used AutoDock Vina to simulate the interactions of RF with OmcA and further refine the simulation by molecular dynamics (MD). 34 The authors specifically modeled the interactions with hemes 2, 5, 7, and 10 and showed stronger RF affinity toward hemes 5 and 7 and weaker interactions with hemes 2 and 10. The weaker affinity of RF to hemes 2 and 10 is proposed to be a result of weaker van der Waals interactions since the isoalloxazine ring of RF is exposed to the solvent. Besides this work, AutoDock Vina has been successfully employed by our group to describe the specific interactions between proteins and small ligands. 35, 36 Here, we apply the same docking approach to predict binding sites of flavins (FMN and RF) to Shewanella oneidensis OMCs (OmcA, MtrC). 35, [37] [38] [39] The explored analysis is fast and provides information about the mechanism of the interactions between flavins and proteins and predicts the binding position of flavins in the cytochrome molecule. Although more advanced methods are required to fully describe EET, 40 flavins binding position and the information about their interaction with MtrC and OmcA can be used to suggest which heme in the protein molecule is carrying out the EET to the flavin. Namely, the results of the simulations were used to determine the distance between N5 from the flavin molecule and the Fe in the nearest cytochrome heme, which can be used to give a qualitative picture of the EET rate if we assume DET from the reduced Fe of the heme to the flavin molecule. Additionally, in contrast to the work of Hong et al., 34 in this study, both flavins and the amino acids in the binding pocket were treated as flexible, which allows molecules/side chains to change conformation during the binding event. The latter assures more accurate prediction of the binding. AutoDock Vina, an improved version of Autodock 4, was used to perform the docking simulations. In contrast to other common docking simulation packages, Autodock Vina is based on a free energy force field that is obtained by "machine learning" rather than being restricted to the use of approximate mathematical terms, which are used to allow physical interpretation of different contributions to the force field. 37 This machine learning approach extracts empirical information from the conformation preferences of the protein-ligand complex and the experimental affinity measurements. The use of AutoDock Vina is justified by the increase in speed and a better accuracy of the binding mode prediction. The scoring function estimates the standard chemical potential of the system, which in turn determines the preferred bound conformation and the free energy of binding, also known as binding affinity.
II. COMPUTATIONAL DETAILS

Autodock Vina
37 was used to perform the docking simulations of flavins on cytochromes OmcA and MtrC, which resulted in nine possible docking models in each run. The models are arranged in descending order of the protein-substrate binding affinity. To increase the reliability of the docking prediction, in each case, the simulations were performed at least three times with increasing exhaustiveness of the search. The biologically meaningful complex candidates were further selected using two criteria: (1) high frequency of occurrence based on a histogram of the frequencies of the output models acquired from different simulation runs, and (2) the minimum flavin-heme distance (N5 from the flavin molecule and the Fe in the nearest cytochrome heme) was set to be smaller than 11 Å , a criterion which enables rapid EET. For more details on the applied approach, see supplementary material and Fig. S1 . 46 For the docking simulations, the protein crystallographic structures were used [4LMH for OmcA (Ref. 41 AutoDock tools from MGL tools software 42 were used for setting up the input files for Autodock Vina and for visualization of the docking models.
III. RESULTS AND DISCUSSION
Two sets of docking simulations were performed. The association of RF with the two S. oneidensis' MR-1 outer membrane cytochromes (OmcA and MtrC) was modeled first, followed by the docking of FMN to the same cytochromes.
A. Docking of riboflavin
Riboflavin was first docked to OmcA since Okamoto et al. demonstrated experimentally that this specific cytochrome interacts solely with RF.
24,25 Figure 2 shows the two most probable docking positions for RF obtained using the modeling approach. The binding affinity of RF to OmcA in the two positions is similar (À7.4 kcal/mol for position 1 and À7.3 kcal/mol for position 2), indicating similar probability for the two models. In the first position, RF docks close to heme 5 (RF-heme 5 distance of 5.8 Å ), and in the second position, RF is in the proximity of heme 7 (RF-heme 7 distance of 11.2 Å ). The smaller distance between RF and heme 5 would suggest shorter distance for the electron transfer and thus faster and more efficient RF reduction by OmcA.
It is known that binding of ligands to macromolecules occurs by intermolecular forces, such as ionic bonds, hydrogen bonds, van der Waals, or electrostatic forces. Electrostatic interactions were studied here by exploring the electrostatic potential of OmcA mapped on the van der Waals surface of the protein [ Fig. 3(a) ]. For clarity of the representation, the electrostatic potential of flavin molecules on their van der Waals surfaces are shown separate in Figs.  3(b) and S5.
The two binding pockets near hemes 5 and 7 of OmcA are positively charged. As it can be seen from Fig. 3(b) , the isoalloxazine ring of RF is negatively charged near the quinone groups, but there is no clear charge separation in the flavin molecule. In addition, the RF binding pockets of MtrC (Fig. S2) are charged differently, i.e., not all of them are positively charged. Based on these, we can say that the electrostatic forces might play some role in OMCs-flavin binding, but no clear conclusion on the importance of the electrostatic interactions can be made based on these findings exclusively. At the same time, plotting the van der Waals surface for both RF and OmcA reveals that RF binds to the surface of the protein and does not penetrate the protein molecule (Fig. 4) . In addition, based on the shape of the protein surface where the RF docks, it can be speculated that the interactions between RF and OmcA are based on stereospecificity for both docking positions. The same conclusion can be made for the interactions of RF with MtrC ( Figs S2-S3 ), where in a similar manner docking simulations show that RF occupies the protein's surface pockets.
Our finding disagrees with the findings of Paquete et al., who suggested electrostatic attraction as the main mechanism of flavins-OmcA interactions. 28 Based on their docking simulations, RF binds close to hemes 9 and 10 while FMN docks near heme 2 of OmcA. The authors used AutoDock 4 for their simulations with all heme groups in their oxidized state. Both the protein and the docking ligands were considered rigid, i.e., they do not change conformation during the binding event. In the first set of our docking simulations, the flavin molecule was treated as flexible, and during the docking refinement, shown later in the paper, both the ligand and the amino acids in the binding pocket of the protein could change conformation during interaction. Breuer et al. also suggested that the flavin-OMCs binding is not based on electrostatic interactions but is mainly due to hydrogen binding. 43 In addition, Hong et al. used molecular docking combined with MD simulation refinement and subsequent MD free energy calculations and found binding preference of RF at hemes 5 and 7 of OmcA, which agrees well with our findings. They also suggested that the interaction of flavins with cytochromes is based on aromatic stacking between isoalloxazine ring and hydrophobic residues in a similar fashion to flavoproteins. The discovery of Hong et al., which is based on the use of more sophisticated computational approach, overlaps with our findings and confirms the applicability of docking simulations as fast and simple screening method.
A careful consideration of the RF docking positions on OmcA allowed us to identify the amino acids involved in the RF binding pocket. The docking simulations were then refined by allowing amino acids from the pocket to change their conformation during the interactions with RF, which has not been performed by other researchers. The searching space was centered on heme 5 with the size of 30 Â 30 Â 30 Å . After refining the computational model, the RF-heme 5 distance was determined to be 5.3 Å . It was also observed that in both, flexible and rigid simulations, the isoalloxazine ring of RF docks in the same binding pocket; however, in the flexible model, the quinone groups are positioned in the opposite direction than in the "rigid" model (Fig. 5) . This observation suggests that stereospecificity is a possible mechanism for preferential RFOMC binding.
The same refinement in the docking simulation was performed for heme 7 The docking of RF to MtrC (Fig. 7) shows some similarities to the docking of RF on OmcA, such as comparable binding affinity and identical docking position; however, differences can also be observed (Table I) . Based on the results of the docking simulations, three docking positions of RF to MtrC near hemes 1, 7, and 9 were considered as the possible sites for RF-MtrC interaction. RF-Fe heme distance is the shortest between RF and heme 7, followed by heme 9 and heme 1. Heme 7 was experimentally proposed as a binding site for RF and FMN on MtrC. 9 This binding position was suggested due to its location close to the disulfide bond of the protein, which appears to be important for the formation of flavin-cytochrome complex. Later, Breuer et al. used docking simulations to predict the interaction of MtrC and FMN, where the disulfide bond of MtrC was broken as suggested by Breuer et al. for the MtrC-flavin complex. 43 Breuer proposed heme 4 as most relevant docking position in this case, which agrees with our findings described later in the paper.
Edwards et al. It should also be mentioned that in all docking models of RF to MtrC, the RF-Fe heme distance is <10 Å , which is indicative of the ability of MtrC to reduce RF. Therefore, based on the parameters determined using the computational docking simulation of RF to MtrC, binding affinity, and RF-Fe heme distance, there is no observable reason why MtrC could not reduce RF. Paquete et al. experimentally demonstrated that purified MtrC can reduce FMN and RF at comparable rates. 28 It has also been proposed that the redox state of the hemes affects the structure of the flavin binding site and the affinity of the interaction. 29 To test this hypothesis, we performed docking of RF to OmcA using AutoDock 4, which is, in contrast to AutoDock Vina, based on a different scoring function with an empirical free energy force field and assigns specific atomic charges for the atoms of the macromolecules and the ligands. 39 When the docking of RF to OmcA was carried out with 0.00, 1.21, 45 and 2.00 charge of the Fe in the hemes, no significant difference in the RF docking position and affinity was observed (data not shown). This also implies that the RF-OMCs interactions most likely are not based on electrostatics.
B. Docking of FMN
The docking simulations described in Sec. III A were repeated with FMN as the flavin of interest. FMN docking was explored with OmcA and MtrC, respectively (Fig. 9) .
The docking position close to heme 7 is of interest since Edwards et al. demonstrated the importance of the disulfide bond in FMN-MtrC complex. 9 The authors suggested that three phenylalanine residues (Phe 438, Phe 504, and Phe 515) positioned close to heme 7 form the FMN binding pocket. As determined in this study, the amino acids in the 28 We can speculate that the two possible points of OmcA-FMN interactions are hemes 5 and 7 and the single binding site for FMN on MtrC is heme 4. The results shown here agree with the docking pose proposed by Breuer et al., 43 who suggested heme 4 as a "target" heme for FMN binding when the disulfide bond near heme 7 is broken. In presence of the disulfide bond though, Breuer et al. identify heme 2 as the docking site for FMN, which does not appear in our simulations.
Although the docking (association) of small ligands with proteins is usually reversible (dissociation) reaction, it can be expected that once the flavin docks on the cytochrome molecule, it is stably associated with it. This is the case with some flavoenzymes where the flavin remains tightly bound to the protein during reactions. 27 To reveal the nature of the flavin binding to OMCs during the flavin reduction, the binding affinity of the fully oxidized FMN to MtrC was compared to the binding affinity of the semireduced form of FMN on the same cytochrome-near heme 4. The structure of the FMN semiquinone radical in water was first optimized using density functional theory and then used as an input for the docking simulations. The semiquinone of FMN docks in a similar manner as the completely oxidized form (Fig. 12) . The binding affinity of MtrC and semiquinone FMN was found to be À6.4 6 0.1 kcal/mol, which is identical to the binding affinity of the oxidized FMN in the proximity of heme 4. This result indicates that once the flavin is associated with the cytochrome, it is not released during or after the reduction process. The flavin attachment to the OMCs molecule agrees with the findings of Okamoto et al., suggesting that flavins can be electron relays in both directions: from the cytochrome toward the electron acceptor and vice versa. 23 The strong flavin-OMC complex, though, disagrees with the experimentally determined K d of flavin-OMC complexes, which indicate weak interactions. 
